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The  flexible  electrodes  have  important  potential  applications  in  energy  storage  of  portable  electronic 
devices  for  their  powerful  structural  properties.  In  this  work,  unique  flexible  films  with  polypyr¬ 
role/carbon  nanotube  (PPy/CNT)  composite  homogeneously  distributed  between  graphene  (GN)  sheets 
are  successfully  prepared  by  flow-assembly  of  the  mixture  dispersion  of  GN  and  PPy/CNT.  In  such  lay¬ 
ered  structure,  the  coaxial  PPy/CNT  nanocables  can  not  only  enlarge  the  space  between  GN  sheets  but 
also  provide  pseudo-capacitance  to  enhance  the  total  capacitance  of  electrodes.  According  to  the  gal- 
vanostatic  charge/discharge  analysis,  the  mass  and  volume  specific  capacitances  of  GN-PPy/CNT  (52  wt% 
PPy/CNT)  are  211  Fg-1  and  122Fcrrr3  at  a  current  density  of  0.2  Ag_1,  higher  than  those  of  the  GN  film 
(73  Fg-1  and  79  Fcnrr3)  and  PPy/CNT  (164 Fg-1  and  67  Fern-3).  Significantly,  the  GN-PPy/CNT  electrode 
shows  excellent  cycling  stability  (5%  capacity  loss  after  5000  cycles)  due  to  the  flexible  GN  layer  and 
the  rigid  CNT  core  synergistical  releasing  the  intrinsic  differential  strain  of  PPy  chains  during  long-term 
charge/discharge  cycles. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  there  has  been  great  interest  in  flexible  conver¬ 
sion/storage  resources  for  applications  in  portable  electronic 
devices,  including  high-performance  sportswear,  implantable 
medical  devices,  roll-up  displays  and  active  RFID  tags/cards 
[1-5].  Nevertheless,  the  fabrication  of  flexible  conversion/storage 
resources  is  limited  to  the  lack  of  dependable  materials,  because 
important  requirements  for  useful  alternative  materials  in  pliable 
electrodes  include  not  only  good  mechanical  flexibility  and  high 
conductivity  but  also  excellent  cycle  capability.  Since  Geim  and  co¬ 
workers  reported  the  fact  that  two-dimensional  graphene  (GN)  is 
stable  under  ambient  conditions  [6],  tremendous  efforts  have  been 
devoted  to  explore  the  potential  application  of  GN  in  energy  storage 
[7-10].  Being  an  unrolled  carbon  nanotube  (CNT),  GN  is  regarded 
as  one  of  the  ideal  candidates  for  flexible  electrode  materials  due 
to  its  particularly  structural,  mechanical  and  electrical  properties 
[11-13].  For  instance,  Kang  et  al.  utilized  GN  film  as  a  conduct¬ 
ing  agent  and  a  current  collector  in  fabrication  of  flexible  lithium 
rechargeable  battery  [14].  However,  owing  to  the  face-to-face 
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aggregation  of  GN  sheets,  directly  assembling  GN  sheets  into 
two-dimensional  film  is  not  appropriate  for  applying  in  superca¬ 
pacitors  that  are  an  increasingly  important  class  of  electrochemical 
devices  for  storing  and  releasing  energy  reversibly  and  quickly 
[15-17]. 

As  is  well-known,  the  energy  of  the  electrical  double  layer  capac¬ 
itors  (EDLCs)  only  involves  the  electrostatic  charge  accumulation 
at  the  electrode/electrolyte  interfaces,  that  is,  the  electrochemi¬ 
cal  capacitive  performance  of  GN  film  strongly  depends  on  the 
electrolyte-accessible  surface  area  of  GN  sheets.  One  effective 
strategy  to  restrain  the  ordered  stacking  of  GN  sheets  is  using 
one-dimensional  CNT  as  a  nanospacer  to  form  a  three-dimensional 
hierarchical  structure  film,  remarkably  improving  the  utilization 
of  GN  [18-20].  Differ  from  EDLCs,  pseudo-capacitors  are  related  to 
the  fast  and  reversible  surface  redox  reactions  for  storing  energy. 
Therefore,  the  combination  of  GN  and  pseudo-capacitive  mate¬ 
rials  (such  as  transition  metal  oxides  and  conductive  polymers) 
can  provide  the  EDLCs  at  the  electrode/electrolyte  interfaces  and 
the  faradaic  capacitors  coming  from  the  electroactive  pseudo- 
capacitive  species  simultaneously.  Films  of  GN/polyaniline  (PANI) 
[21-25],  GN/polypyrrole  (PPy)  [26,27]  and  GN/NiO  [28]  have  been 
fabricated  as  active  materials  for  supercapacitor  electrodes  by 
in  situ  chemical  or  electrochemical  polymerization,  in  which  GN 
acts  as  a  substrate  for  depositing  or  immobilizing  the  pseudo- 
capacitive  materials. 
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The  capacity  loss  of  the  electrodes  based  on  conducting  poly¬ 
mers  during  the  continuous  charge/discharge  processes  is  one  of 
their  most  fatal  shortages.  Literature  reviews  of  electrodes  made 
from  conducting  polymers  indicate  that  high  stability  should  be 
obtained  in  principle  [29-31].  Although  the  binary  composites  of 
conducting  polymers  with  either  flexible  GN  or  rigid  CNT  have 
been  demonstrated  improvement  in  the  electrochemical  stability, 
there  is  no  significant  reinforcement  among  the  previous  reports 
for  practical  applications.  For  example,  a  capacity  loss  of  21%  after 
800  cycles  for  flexible  GN/PANI  electrode  [22],  a  capacity  loss  of 
11%  after  1000  cycles  for  flexible  CNT/PANI  [32]  and  a  capac¬ 
ity  loss  of  8%  after  800  cycles  for  GN/PPy  film  [27]  have  been 
reported.  To  relieve  the  cycle  degradation  problem  caused  by  vol¬ 
umetric  change,  recently,  designing  and  developing  hierarchically 
ternary  composite  materials  composed  of  GN,  CNT  and  conducting 
polymers  have  been  explored  [33,34].  The  results  show  that  the 
powdery  ternary  composites  have  excellent  cycle  stability  due  to 
the  high  mechanical  properties  of  flexible  GN  and  rigid  CNT  syn- 
ergistical  releasing  intrinsic  differential  strain  of  polymer  chains 
during  doping/dedoping  processes. 

In  the  present  study,  a  novel  and  facile  strategy,  for  the  first  time, 
is  proposed  to  prepare  flexible  GN-PPy/CNT  ternary  composite  film 
with  coaxial  PPy/CNT  nanocables  uniformly  sandwiched  between 
the  GN  sheets  through  a  flow-assembly  method,  in  which  the  flex¬ 
ible  GN  layer  and  the  rigid  CNT  core  can  improve  the  mechanical 
stability  of  PPy  chains.  New  insights  on  the  design  of  an  ideal  flexible 
electrode  with  high  stability  are  provided. 

2.  Experimental 

2.1.  Chemicals  and  materials 

Pyrrole  (A.R.,  Shanghai  Chemical  Reagent  Co.  Ltd.)  was  purified 
through  distillation  under  reduced  pressure  and  stored  refriger¬ 
ated  before  use.  The  CNT  was  purchased  from  Nanotech  Port  Co. 
Ltd.  (Shenzhen,  China)  and  purified  by  refluxing  the  as-received 
CNT  in  nitric  acid  at  40  °C  for  4h.  All  other  reagents  used  in  our 
experiment  were  of  analytical  reagent  grade  and  were  used  with¬ 
out  further  purification.  Aqueous  solutions  were  freshly  prepared 
using  high  purity  water  (18  MC2  cm-1  resistance)  from  an  Ampeon 
1810-B  system. 

2.2.  Preparation  of  water-dispersible  PPy/CNT  composite 

A  water-dispersible  PPy/CNT  composite  was  synthesized  by 
in  situ  polymerization  according  to  the  literature  [35].  20  mg  CNT 
and  0.2  g  poly(sodium  4-styrenesulfonate)  (PSS)  were  added  to 
100  mL  water,  followed  by  2  h  sonication  to  disperse  CNT  in  solu¬ 
tion.  0.1  g  pyrrole  was  added  and  the  mixture  was  stirred  for 
0.5  h.  0.34  g  ammonium  persulfate  dissolved  in  20  mL  water  was 
slowly  added  into  the  solution  and  polymerization  was  conducted 
at  0-5  °C  with  constant  mechanical  stirring  for  4h.  The  products 
were  washed  with  water  and  ethanol  by  centrifuged,  and  dried 
at  50  °C  for  24  h  (the  24wt%  of  CNT  in  PPy/CNT  composite  was 
evaluated  by  calculating  the  weight  difference  of  CNT). 

2.3.  Preparation  of  GN-PPy/CNT  and  GN  films 

Graphite  oxide  (GO)  was  synthesized  from  natural  graphite 
flakes  by  the  modified  Hummers  method  [36].  Aqueous  GN  disper¬ 
sion  was  prepared  by  controlled  chemical  conversion  of  GO  colloid 
developed  by  Li  et  al.  [37].  The  procedures  are  described  briefly  as 
follows.  30  mg  GO  was  dispersed  in  60  mL  water  by  ultrasonic  treat¬ 
ment  for  1  h.  Subsequently,  400  pi  of  ammonia  solution  (28wt% 
in  water)  and  25  jjlL  of  hydrazine  solution  (85  wt%  in  water)  were 
added  into  the  GO  dispersion.  After  being  vigorously  shaken  for  a 


few  minutes,  the  mixture  was  stirred  at  95  °C  for  12  h.  The  result¬ 
ing  solution  was  dialyzed  against  ammonia  solution  (pH  =  10)  for  1 
week.  Finally,  the  black  dispersion  was  then  subjected  to  10  min  of 
centrifugation  at  4000  rpm  to  remove  aggregated  GN  sheets  (pre¬ 
senting  in  a  very  small  amount). 

1 5  mg  PPy/CNT  dispersed  in  1 0  mL  ammonia  solution  (pH  =  1 0) 
was  added  to  the  GN  dispersion  and  then  sonicated  for  0.5  h.  The 
resultant  mixture  dispersion  of  GN  and  PPy/CNT  was  filtered  by  a 
vacuum  filter  equipped  with  a  0.2-p.m  porous  PTFE  membrane  to 
produce  a  GN-PPy/CNT  film  that  was  then  dried  under  vacuum  at 
room  temperature  for  24  h.  The  final  mass  of  GN-PPy/CNT  film  was 
28.8  mg  (52  wt%  of  PPy/CNT)  (named  as  GN-PPy/CNT52).  GN  film 
was  fabricated  by  means  of  the  same  procedure  described  above. 
The  average  thicknesses  of  the  GN  and  GN-PPy/CNT  films  were  ca. 
10.2  and  39.7  pan,  respectively.  Parallel  experiments  were  carried 
out  just  by  changing  the  amount  of  PPy/CNT  in  the  starting  mixture 
to  obtain  other  GN-PPy/CNT  composites  with  different  mass  ratio 
of  PPy/CNT. 

2.4.  Material  characterization 

The  morphology  was  characterized  by  scanning  electron 
microscopy  (SEM,  LEOl  530)  and  transmission  electron  microscopy 
(TEM,  JEM-2100).  X-ray  diffraction  (XRD)  measurements  were 
performed  on  a  Bruker  D8  advance-X  diffractometer  with  Cu 
Ka  radiation  {X  =  1.5418  A).  Fourier  transformation  infrared  (FTIR) 
spectra  of  the  synthetic  samples  were  recorded  with  a  Model  360 
Nicolet  AVATAR.  The  specific  surface  area  (SSA)  was  obtained  by 
using  a  Micromeritics  ASAP  2010  instrument.  The  samples  were 
degassed  for  4  h  at  1 60  °C.  The  electrical  conductivity  was  evaluated 
by  a  four-point  probe  meter. 

2.5.  Electrochemical  measurement 

Electrochemical  performances  were  determined  mainly  by  the 
cyclic  voltammetry  (CV)  and  galvanostatic  charge/discharge  (GCD) 
using  a  CHI  660  C  electrochemical  analyzer  system  in  1  M  KCl  aque¬ 
ous  solution,  where  the  three  electrode  system  was  equipped  with 
a  platinum  plate  counter  electrode  and  a  saturated  calomel  elec¬ 
trode  (SCE)  reference  electrode.  The  films  (5  mg)  connected  by 
simple  alligator  clips  were  used  as  the  working  electrodes.  The 
PPy/CNT  working  electrode  for  electrochemical  measurement  was 
fabricated  by  mixing  PPy/CNT  (5  mg)  with  polytetrafluoroethylene 
with  the  weight  ratio  of  9:1.  A  small  amount  of  water  was  then 
added  to  the  mixture  and  ground  to  form  a  homogeneous  coating 
slurry  that  was  smeared  onto  the  graphite  current  collector  (area: 
1  cm  x  1  cm)  and  dried  at  room  temperature. 

3.  Results  and  discussion 

3.1.  Physicochemical  characterization 

As  recently  demonstrated  in  many  literature  results  [18-23], 
the  forming  of  hierarchically  structured  GN-based  composite 
films  is  strongly  dependent  on  the  aqueous  dispersibility  of  each 
component.  It  has  been  confirmed  that  the  direct  dispersion  of 
hydrophobic  GN  sheets  in  water  without  the  assistance  of  dis¬ 
persing  agents  can  be  readily  obtained  by  controlled  chemical 
conversion  of  GO  colloid  [37].  On  the  other  hand,  PPy/CNT  com¬ 
posite  with  well-dispersion  in  water  also  can  be  successfully 
synthesized  by  in  situ  chemical  oxidation  polymerization  using 
PSS  as  a  dispersing  agent.  The  resulting  mixture  of  well  water- 
dispersible  GN  and  PPy/CNT  is  convenient  for  the  fabrication  of  a 
reasonably  uniform  film  with  ordered  hierarchical  structure  under 
vacuum  filtration.  As  shown  in  Fig.  1,  the  black  GN-PPy/CNT52  film 
has  good  flexibility.  The  SEM  of  PPy/CNT  is  presented  in  Fig.  2,  which 
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Fig.  1.  Photograph  of  flexible  GN-PPy/CNT  film52. 


shows  that  the  CNT  serves  as  template  for  the  formation  of  one¬ 
dimensional  PPy/CNT  nanostructure.  It  is  necessary  to  point  out 
that  the  negatively  charged  PSS  not  only  disperses  the  PPy/CNT 
composite  in  water  but  also  favors  the  electrostatic  attract  to  bind 
PPy  chains  onto  CNT  surface  during  the  polymerization  process 
[38].  As  can  be  seen  from  the  SEM  images  of  cross-section  in  Fig.  3a 
and  b,  the  GN-PPy/CNT52  film  exhibits  a  layer-by-layer  stack¬ 
ing  structure  and  the  coaxial  PPy/CNT  nanocables  are  sandwiched 
uniformly  between  the  GN  sheets.  As  shown  in  TEM  image  of  GN- 
PPy/CNT52  in  Fig.  3c,  the  PPy/CNT  composite  with  one-dimensional 
core-shell  structure  distributes  on  the  surface  of  GN  sheet.  For  com¬ 
parison,  Fig.  3d  and  e  shows  the  SEM  images  of  cross-section  of  GN 
film.  Obviously,  tightly  packed  GN  sheets  are  observed. 

Fig.  4  shows  the  FTIR  spectra  of  (a)  GO,  (b)  GN,  (c)  PPy/CNT 
and  (d)  GN-PPy/CNT52.  The  main  characteristic  peaks  of  GO  are 
assigned  as  follows:  the  peaks  at  1057,  1224  and  3407  cm-1  are 
attributed  to  C-O-C,  C-OH  and  O-H  stretching  vibrations,  respec¬ 
tively.  The  peak  at  1 623  cm-1  is  ascribed  to  aromatic  C=C  vibration 
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Fig.  3.  SEM  images  of  cross-section  of  (a  and  b)  GN-PPy/CNT52  and  (d  and  e)  GN; 
(c)  TEM  image  of  GN-PPy/CNT52. 


Fig.  2.  SEM  images  of  PPy/CNT. 
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Fig.  6.  The  Cm  of  GN-PPy/CNT  composite  film  with  different  weight  percent  of 
PPy/CNT  within  the  potential  window  -0.5  to  0.5  V  at  a  current  density  of  0.2  Ag_1 
in  1  M  KC1. 
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of  unoxidized  graphitic  domains,  while  peak  at  1728  cm-1  reflects 
C=0  stretching  motions  of  carboxylic  acid  and  carbonyl  moi¬ 
eties.  The  results  are  consistent  with  the  literature  values  [39-41  ]. 
After  reduction  by  hydrazine,  the  attenuating  peaks  at  1623  and 
3407  cm-1  and  the  completely  disappearing  peaks  at  1057,  1224 
and  1728  cm-1  suggest  that  the  most  of  functional  groups  have 
been  removed.  Compared  with  the  corresponding  characteristic 
peaks  of  GN,  it  can  be  seen  that  several  new  peaks  attributed  to  PPy 
chains  appear  in  the  spectrum  of  GN-PPy/CNT52.  The  new  peaks  at 
929, 1025, 1209  and  1554  cm-1  are  attributed  to  C-H  out-of-plane 
deformation  vibration,  C-H  deformation  and  N-H  stretching  vibra¬ 
tions,  C-N  stretching  vibration  and  antisymmetric  ring-stretching 
vibration,  respectively.  Fig.  5  shows  the  XRD  patterns  of  GO,  GN, 
PPy/CNT  and  GN-PPy/CNT52.  GO  exhibits  an  intense  and  sharp  peak 
centered  at  20  =  1 1.5°,  corresponding  to  the  interplanar  spacing  of 
0.78  nm  of  GO  sheets.  The  as-filtrated  GN  film  displays  a  broad  XRD 
peak  at  around  25.6°,  correlated  to  the  layer-to-layer  distance  (d- 
spacing)  of  0.35  nm  of  GN  sheets.  In  the  case  of  PPy/CNT,  the  peak 
at  20  =  26.2°  is  ascribed  to  the  (0  0  2)  reflection  of  CNT.  The  XRD  pat¬ 
terns  of  as-prepared  GN-PPy/CNT52  are  similar  to  those  of  GN  due 
to  the  reflection  overlapping  of  the  GN  and  PPy/CNT. 

3.2.  Electrochemical  characterization 

The  mass  specific  capacitance  (Cm)  can  be  calculated  from  the 
GCD  curves  based  on  the  equations: 

_  /  x  At 
AV 


where  I  (Ag-1),  At  (s)  and  AV  (V)  represent  the  discharge  cur¬ 
rent  density,  total  discharge  time  and  potential  window  during 
discharge,  respectively.  Fig.  6  shows  the  relationship  between  the 
Cm  of  GN-PPy/CNT  composite  and  the  weight  percent  of  PPy/CNT. 
It  is  clear  that  the  PPy/CNT  nanocomposite  could  enhance  the 
electrochemical  capacitance  of  flexible  GN  film  and  there  is  an 
increase  in  the  Cm  of  GN-PPy/CNT  composite  with  increasing 
amount  of  PPy/CNT  within  the  potential  window  -0.5  to  0.5  V  at 
a  current  density  of  0.2  A  g-1.  The  Cm  of  the  composite  can  reach 
211  Fg-1  in  the  case  of  52wt%  PPy/CNT  (GN-PPy/CNT52).  How¬ 
ever,  further  increase  on  the  weight  percent  of  PPy/CNT  results 
in  the  corresponding  composite  films  fragile  after  drying.  There¬ 
fore,  the  GN-PPy/CNT52  film  and  the  contrast  experiment  of  GN 
and  PPy/CNT  will  be  investigated  in  detail  in  the  next  section. 

CV  measurements  were  employed  to  investigate  the  electro¬ 
chemical  behaviors  of  GN,  PPy/CNT  and  GN-PPy/CNT52.  Fig.  7a 
shows  the  CV  curves  within  potential  range  of  -0.8  to  0.5  V  in 
1  M  KC1  electrolyte  at  a  scan  rate  of  10mVs-1.  For  GN,  the  CV 
curve  presents  good  mirror  image  and  symmetric  I-E  response, 
which  are  typical  of  an  ideal  capacitive  behavior.  The  CV  curves  of 
PPy/CNT  and  GN-PPy/CNT52  electrodes  exhibit  well-defined  redox 
peaks  that  correspond  to  the  doping  and  dedoping  of  electrolyte 
ions  in  the  PPy  chains  during  charge/discharge  processes,  suggest¬ 
ing  that  their  capacitance  characteristic  is  different  from  that  of 
the  EDLCs.  From  the  CV  curves,  it  can  be  observed  that  the  GN- 
PPy/CNT52  has  larger  voltammetric  current  response  compared 
with  GN  and  PPy/CNT,  revealing  higher  charge  storage  capability 
of  GN-PPy/CNT52.  For  PPy/CNT  and  GN-PPy/CNT52,  all  the  elec¬ 
trochemical  oxidation  and  reduction  response  currents  decrease 
towards  the  negative  potential  end  due  to  the  electroactive  PPy 
gradually  becoming  inactive  and  resistive.  However,  compared 
with  the  PPy/CNT,  the  anodic  and  cathodic  peak  potentials  of  GN- 
PPy/CNT52  have  about  -0.2  V  potential  shift,  indicating  that  the  PPy 
in  GN-PPy/CNT52  has  good  electroactive  at  low  potential  region. 
This  can  be  attributed  to  the  following  reason.  First,  the  presence  of 
highly  conjugated  GN  can  increase  the  electron  delocalization  along 
the  PPy  chains  to  reduce  its  IR  drop  [42,43].  Second,  the  GN  with 
negative  charge  [37]  can  function  as  the  immobilized  dopant  anions 
to  easier  remove  electrons  and  anions  from  the  PPy  chains  during 
charge  and  discharge  processes,  respectively  [44].  As  the  scan  rate 
increases  to  80  mV  s-1  (Fig.  7b),  the  plot  of  PPy/CNT  tends  to  present 
shuttle-shaped.  The  GN-PPy/CNT52  electrode  exhibits  significantly 
larger  CV  current  than  PPy/CNT  and  a  pair  of  broad  redox  peaks  at 
0.24/-0.63  V  (marked  by  arrows  in  Fig.  7b),  indicating  its  good  rate 
ability. 

To  further  investigate  the  electrochemical  characteristic  of  the 
resulting  electrodes  for  supercapacitors,  GCD  measurements  were 
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Fig.  7.  CV  curves  of  GN,  PPy/CNT  and  GN-PPy/CNT52  within  potential  range  of  -0.8 
to  0.5  V  at  scan  rates  of  (a)  1 0  and  (b)  80  mV  s_1  in  1  M  KC1. 

performed  at  different  current  densities.  Fig.  8  shows  the  GCD 
curves  of  GN,  PPy/CNT  and  GN-PPy/CNT52  at  a  current  density 
of  0.2  A  g-1  with  voltage  between  -0.5  and  0.5  V.  Calculations 
based  on  the  slopes  of  the  discharge  curve  indicate  that  the  GN- 
PANI/CNT52  film  exhibits  higher  Cm  (211  Fg-1)  compared  with 
that  of  GN  film  (73Fg-1)  and  PPy/CNT  (164Fg-1).  We  noted  that 
the  Cm  of  powdery  PPy/CNT  composite  in  this  work  is  smaller 
than  that  reported  for  PPy/CNT  composites  [45-47].  This  is  prob¬ 
ably  due  to  the  existence  of  nonelectroactivity  and  insulating 
PSS  in  PPy/CNT  composite.  In  addition,  compared  with  the  pow¬ 
dery  GN/PANI/CNT  ternary  composites  in  the  published  literatures 
[33,34],  the  GN-PPy/CNT52  composite  film  shows  a  lower  Cm, 
which  can  be  attributed  to  relatively  smaller  theoretic  capaci¬ 
tance  of  PPy  (620 Fg-1)  [29]  than  that  of  PANI  (2000Fg-1)  [48]. 
The  volumetric  capacitance  (Cv)  also  is  an  important  parame¬ 
ter  for  supercapacitor  electrodes,  especially  for  flexible  electrodes 
[22,24].  The  density  of  GN-PPy/CNT52,  GN  and  PPy/CNT  is  0.58, 


Fig.  9.  Cm  values  of  GN,  PPy/CNT  and  GN-PPy/CNT52  at  different  current  densities. 


1.08  and  0.41  gem-3,  respectively.  The  Cv  value  of  GN-PPy/CNT52 
electrode  at  0.2  A g-1  is  calculated  to  be  122  F cm-3,  much  larger 
than  that  of  GN  (79 Fern-3)  and  PPy/CNT  (67 Fern-3).  To  further 
understand  the  high  rate  capability  of  the  sample  electrodes,  we 
plot  the  dependency  of  the  calculated  Cm  values  of  GN,  PPy/CNT 
and  GN-PPy/CNT52  on  the  current  density.  As  shown  in  Fig.  9, 
although  the  capacitance  of  all  electrodes  decreases  with  growth 
of  current  density  from  0.2  to  12  Ag-1,  the  capacitance  retention 
rate  of  GN-PPy/CNT52  still  reaches  about  78%,  higher  than  that 
of  GN  (47%)  and  PPy/CNT  (57%),  indicating  that  high  capacitance 
of  GN-PPy/CNT52  electrode  can  be  maintained  under  high  power 
operations. 

The  cycle  ability  of  the  electrodes  in  electrolyte  is  one  of 
the  important  factors  for  their  practical  application.  As  shown  in 
Fig.  10,  the  Cm  of  PPy/CNT  decreases  45%  (from  106  to  58  Fg-1) 
at  a  high  current  density  of  10 Ag-1  after  5000  charge/discharge 
cycles.  The  degradation  in  capacitance  should  mainly  associate 
with  the  repetitive  volumetric  expansion/contraction  of  PPy  chains 
during  the  continuous  injection/rejection  (charge/discharge)  of 
electrolyte  ions,  deteriorating  the  charge  distribution  and  con¬ 
formation  of  n  conjugated  PPy  chains  [26].  Flowever,  the 
capacity  loss  of  GN-PPy/CNT52  is  only  5%  after  5000  consecu¬ 
tive  cycles,  confirming  the  excellent  cyclability  of  the  GN-PPy/CNT 
electrode. 

The  energy  storage  characteristics  of  hierarchical  GN- 
PPy/CNT52  ternary  composite  are  schematically  illustrated  in 
Fig.  11.  The  novel  structure  has  several  advantages  to  exhibit 
outstanding  performance  for  supercapacitor  applications.  Firstly, 
the  functional  material  GN  in  the  composite  acts  as  not  only  active 
substrate  for  flexible  electrode  but  also  outer  current  collector. 
Therefore,  for  free-standing  GN-PPy/CNT  electrode,  the  insulating 


Fig.  8.  GCD  curves  of  (a)  GN,  (b)  PPy/CNT  and  (c)  GN-PPy/CNT52  with  voltage 
between  -0.5  and  0.5  V  at  a  current  density  of  0.2  Ag-1  in  1  M  KC1. 
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Fig.  10.  Cycle  life  of  PPy/CNT  and  GN-PPy/CNT52  at  a  current  density  of  10  Ag-1. 
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Fig.  11.  Schematic  representation  of  the  microstructure  and  energy  storage  char¬ 
acteristics  of  the  GN-PPy/CNT52  film. 

binder  that  results  in  effective  surface  area  loss  and  adds  extra 
contact  resistance,  is  not  necessary.  Secondly,  the  PPy  layer 
depositing  on  the  surface  of  CNT  provides  pseudo-capacitance 
to  increase  the  total  capacitance  of  the  electrode.  Thirdly,  the 
PPy/CNT  nanocables  function  as  spacers  to  restrain  the  closely 
restacking  of  GN  sheets,  enhancing  the  EDLCs  of  the  GN  sheets. 
This  can  be  verified  by  the  SSA  of  98  m2  g-1  for  the  GN-PPy/CNT52 
composite,  as  compared  with  that  of  the  GN  film  (37  m2  g-1 ).  After 
deducting  the  SSA  of  PPy/CNT  (41  m2  g-1 ),  the  SSA  of  GN  sheets 
in  GN-PPy/CNT52  film  is  160m2g-1.  Fourthly,  the  pseudo-active 
PPy  layer  is  contacted  directly  with  the  outer  current  collector 
of  GN  and  inner  conductible  core  of  CNT,  thus  this  conducting 
three-dimensional  nano-network  enables  fast  charge  and  ion 
transportation,  especially  at  high  current  densities  (the  electrical 
conductivity  of  GN,  GN-PPy/CNT52  and  PPy/CNT  is  24.4,  15.3  and 
6.1  S  cm-1  at  room  temperature,  respectively).  In  addition,  the 
flexible  GN  can  act  as  strain  buffer  for  volume  swelling/shrinkage 
of  the  PPy  chains  during  the  electrochemical  reaction,  and  the 
rigid  CNT  core  can  transfer  the  strain  associated  with  the  volume 
change  due  to  the  tt-tt  interaction  between  CNT  and  heterocyclic 
PPy  [49]. 

4.  Conclusions 

To  recapitulate,  we  propose  for  the  first  time  a  facile  strategy  for 
generating  flexible  GN-PPy/CNT  ternary  composite  film.  Working 
as  supercapacitors,  the  flexible  conducting  GN  layer  and  the  rigid 
conducting  CNT  core  allow  for  efficient  charge  and  ion  transport, 
improve  the  electronic  conductivity  of  the  composite  significantly 
and  synergistically  release  the  intrinsic  differential  strain  of  PPy 
chains  during  charge/discharge  processes.  The  Cm  and  Cv  of  the 
GN-PPy/CNT52  composite  (21 1  F  g_1  and  1 22  F  cm-3 )  is  higher  than 
those  of  the  GN  ( 73  F  g-1  and  79  F  cirr3 )  and  PPy/CNT  ( 1 64  F  g-1  and 
67  F  cm-3 )  at  a  discharge  current  of  0.2  A  g_1 .  In  addition,  the  free¬ 
standing  GN-PPy/CNT52  film  has  good  charge/discharge  rate  (78% 
capacity  retention  at  12  Ag-1)  and  excellent  cycling  stability  (5% 
capacity  loss  after  5000  cycles).  Based  on  the  above  results,  such 
GN-PPy/CNT52  film  is  very  promising  for  flexible  energy  storage 
devices. 
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